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In the present study, we have analyzed an upstream regulatory element of the neural cell adhesion molecule (NCAM) promoter which is required 
for full promoter activity. It contains an ATTATTA motif that resembles the core recognition sequence of homeodomain (HD) proteins of the 
Antennapediu (Amp) and related types. Electrophoretic mobility shift (EMSA) and DNase I footprinting analyses revealed that the Drosophila HDs 
coded by the Anfp and the zerkniillt (zen) genes bind this site in vitro. In contrast, the engrailed (en) protein did not produce a detectable footprint. 
The functional relevance of the ATTATTA motif was demonstrated by showing that a two-nucleotide exchange curtailed stimulation of an heterolo- 
gous promotor. An oligonucleotide known to be recognized with high affinity by Amp-like HDs efficiently competed for endogenous factor binding. 
These results suggest that the NCAM gene may be a target for HD proteins. 
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1. INTRODUCTION 
During embryonic development, adhesive interac- 
tions between cell surfaces mediated by cell-cell adhe- 
sion molecules (CAMS) participate in the control of cell 
recognition, sorting and migration and may also in- 
fluence proliferation and differentiation. NCAMs 
represent a family of closely related proteins that arise 
from a single gene by differential processing of the pre- 
mRNA (for reviews, see [l-4]). NCAM shows a 
dynamic pattern of expression during embryonic 
development. After its initial appearance at the 
blastoderm stage, NCAM is expressed transiently on 
derivatives of all three germ layers often in mor- 
phogenetically active regions [4-61. In the adult, 
NCAM expression is mainly restricted to nervous tissue 
[2-41. On the basis of its adhesive function and its 
evocative expression patterns, NCAM is believed to be 
involved in specifying cell patterning and movement in 
the embryo. This conjecture is supported by ex- 
periments, in which nerve and muscle development has 
been perturbed by injection of anti-NCAM antibodies 
in vivo [7,8]. 
It can thus be anticipated that the control of NCAM 
expression is crucial for the regulation of embryonic 
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development. To learn more about the transcriptional 
control of NCAM expression, we [9] and others [ 10,l l] 
have begun to analyze the upstream region of the gene. 
These studies show that the NCAM gene is transcribed 
from a single promoter which does not contain a typical 
TATA box. We found that 750 bp of upstream se- 
quence from the mouse gene contain sufficient infor- 
mation for high-level expression of a reporter gene in 
transiently transfected NCAM-expressing cells, where- 
as promoter activity is low in NCAM-negative cells. 
Much of the transcriptional activity can be ascribed to 
the NCAM proximal promoter region from -462 to 
- 37 relative to the start site of translation. This activity 
is modulated by a positively acting element between 
-645 and -498 and a negatively acting element be- 
tween - 941 and - 646. We mapped eight domains of 
interaction with nuclear proteins to the region analyzed, 
of which three, termed a, b and c, were localized to the 
- 645 to - 498 or abc element [9]. Footprint b contains 
a 5’ ATTATTA3’ motif, which as shown here, is essen- 
tial for factor binding and for transcriptional activation 
of a reporter gene. This motif resembles the central core 
shared by the sequences recognized by most if not all 
transcription factors which contain as DNA binding do- 
main a homeodomain of the Antp or a related type 
[12-141. This prompted us to investigate whether the 
ATTATTA sequence may be a target for this class of 
transcription factors, to which belong the products of 
major developmental control genes in Drosophila and 
probably also in the mouse [12,14-161. 
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Fig. 2. EMSA analysis of N2a cell nuclear factor, that hind 10 the trhc clement. The labeled probes used arc the intact - 645 to - 498 fragment 
or the linked u and 0 oligonucleotides as indicated above (ah). The different competitor sequcnce~ added are indicated heIon with their respective 
molar CYCCSS with rcjpect to Ihe labeled probes. 
[ 131) did not affect factor binding. Neither did the 
A+ T-rich TARP-recognition site [22] (Fig. 2F). By 
contrast, an oligonucleotide (LP) containing palin- 
dromic ATTA motifs, a high-affinity binding site for 
the en and fushi tarazu proteins [20], completely 
prevented formation of C2. Complex Cl was also af- 
fccted suggesting that the factor that binds domain a 
recognizes also the LP sequence albeit with weaker af- 
finity. Together, these results show that the N2a cell 
nuclear factors that bind the abc element interact with 
a specific subset of ATTA-containing sequences. 
To test the possibility that HD proteins may 
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recognize the essential ATTATTA motif within site b, 
we used the isolated HD from the Antp protein and the 
full-length zen and en proteins in binding assays. 
Binding of the purified Antp HD was indeed detected 
by EMSA and could be competed for by the h sequence 
but not by an unrelated factor binding site (Fig. 3). 
When used in DNasel protection experiments in 
amounts (500 ng) comparable to the ones (400 ng) 
shown to be required for complete protection of an 
authentic binding site [27], the Antp HD protected the 
CCTAATTA motif on the transcribed and the 
TTAATAATT sequence on the non-transcribed strand 
within element b (Fig. 4A and B). As expected from its 
binding specificity, the Anfp HD peptide did not pro- 
duce a footprint on the fragment bearing the two C-T 
exchanges of oligonucleotide b0 (Fig. 4C). The zen pro- 
tein produced a footprint which included the sequence 
protected by the isolated Antp domain. By contrast, 
comparable amounts of the cm protein did not produce 
a detectable footprint. We tried five-fold higher 
amounts with equally negative results (not shown). The 
bacterially produced protein was shown to be func- 
tional by its ability to form a retarded band when rested 
with an oligon~icIeotide corresponding to an aurhentic 
en binding site (results not shown). Hence, the HDs 
belonging to two classes, Antp and zen, are capable of 
interacting with the b element, whereas the en protein, 
which contains an HD of a third type [14], does not 
bind with an affinity high enough to produce a detec- 
table footprint. 
mained largely unknown. Among the prime candidates 
are the genes that code for CAMS such as NCAM, 
which are believed to play key roles in specifying cell 
assembly and movement in the embryo. We have map- 
ped a factor binding site in the NCAM distal promoter 
region, termed site h 191, which contains a potential HD 
binding site. The EMSA and DNase footprinting ex- 
periments shown here demonstrate that this site binds 
the Drosophilu Antp and zen HDs in vitro suggesting 
that NCAM expression might be modulated by the 
products of related genes in the mouse. The two-fold 
stimulation of NCAM promoter activity afforded by 
the Elba. upstream element (up to 5-fold when linked to 
the Thyl.2 promoter) may seem modest. An only two- 
fold change in transcriptional efficiency may, however, 
have important functional consequences as comparable 
changes in NCAM expression have been shown to result 
in large functional effects [32,33]. 
The Ant and zen I-IDS share 59% amino acid identity 
[14] and protected the same sequence within site b. The 
rn HD is somewhat more divergent but recognizes the 
same sequences (251 and shares with the other two a 
glutamine in helix 3 which seems to determine binding 
site specificity [34]. It came thus as a surprise that in 
contrast to zen, a similarly prepared en protein did not 
protect the same site. Apparently, the sequences which 
flank the ATTA box in site h are incompatible with effi- 
cient binding of the en protein. 
4. DISCUSSION 
The HD is an evolutionary conserved 60 amino acid 
DNA binding domain which has been found in proteins 
from nearly every eukaryote investigated. Based on se- 
quence homologies, HDs fall into several groups that 
are conserved across species. Drosophilu HDs similar to 
the Anfp prototype are present in the products of 
several classes of developmental control genes. In the 
mouse, the Nox genes encode closely related HDs. The 
Hex proteins are supposed to play major roles in speci- 
fying anterior-posterior polarity and cell fate in the em- 
bryo [12,14-161. Several HDs with more divergent se- 
quences also have counterparts in flies and mice and 
display embryonic expression patterns suggesting a role 
in controlling morphogenetic processes 128,291. HDs of 
the Ar7tp and similar types including the en domain bind 
with high affinity to a DNA sequence containing mat- 
ches to either TCAATTAAAT or (TAA),, [12,13,20]. 
Although these results demonstrate that the Antp and 
at least one other L)rosophi/u HD bind to site 0 in the 
NCAM distal promoter region in vitro, we do not know 
whether the endogenous factor which recognizes this 
site in N2a cells contains a HD as its DNA binding site. 
Experiments showing that the LP sequence, which can 
be assumed to be recognized by all A&p-like HDs, very 
efficiently competed for endogenous factor binding 
suggest that this may be the case. Together, these results 
make the NCAM gent an interesting candidate target 
gene for HD proteins. 
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The natural recognition sequences of these proteins 
have been found in the promoter regions of genes en- 
coding other transcription factors. However, HD pro- 
teins must also influence the expression of other genes 
which can affect cellular phenotype more directly. 
Despite some progress towards identifying candidate 
genes 130,311, these ultimate effector genes have re- 
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